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similation program to examine the effects of electronic ; 
countermeasures (ECM) blinking and glint upon the missile's 
control system and accuracy against a simulated medium sized 
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CM frequencies below 0.2 


data showed that errors at the low frequencies were primarily 
caused by the bank command loop of the autopilot. Those at the 


higher frequency were due 
Variation of the geometry 
had no significant impact 
without a popup maneuver, 
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Hz and near 6.0 Hz. Analysis of the 


to the roll rate command loop. 

of the missile's flight profile 
upOn missile accuracy except that, 
the roll rate channel demonstrated 


a marked decrease in effectiveness. Variation of the autopilot 
gain in the roll rate contro! loop changed the frequency at 
whica cle cage occurred but actually increased it 

Skid to £. control laws were tested however the missile 

was unable s produce the necessarv sideforce needed 

a passivre target and produced undesireable coupling in the 
flight controls. An attempt to use the altitude command channel 
to fly a ballistic profile was unsuccessful due to instabilities 
created in the control system. It is recommended that a popup i 
maneuver be included in the terminal guidance of a BTT cruise 
missile and that further tests be conducted to determine the 
extent to which autopilot midifications and gain adjustments 
can decrease the effectiveness of an ECM blinker against a 
TT missile. ; 
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ABSTEACT 


Tle purpose oF this thesis was *0 examine guidance? anit 
contrel cericiencies in a bark to turn (377) cruise missil: 

mitec roll authcrity in tne terminal homing prase of 
its mission. A six degree of freedon simulation cf a 
typical 8TT missile was translated into SCETRAN H from the 
Continuous System Mecdelling Program (CSP) Simtulaticen 
lanjuage ani run on the I3M System 37) computer. Tests were 
coniucted with the revisei simulation program to examine the 
effects cF electronic countermeasures (ECM) biinking ane 
giint aurcn the aissile's control system and accuracy ajainst 
a sinulate] medium sized conbatant vessel traveling at 27 
knots perpencéicular tc the missile's track over the earth. 
In addition to the standari attack profile invelvine a 
Fonont attack, several other attack profiies were tested 
including skii-to-turn (STT) control laws and a t-allistic 
trajectcry. Miss distances varied fron 3.7 feet withcut EC" 
or giint to 85 feet with ECM operating. Susceptibility of 
the wissile to ECM blinking variei with the biinkins 
fre Juenc:. Tre largest miss distances occurred with tc” 
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recuencies Lelow 9,2 227 anc near &.) Hz. 
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snalvysis of the 
Cata Showed that errors at the iow ‘frequencies were priza- 
rily caused Fy the bank commarnj loop 9»f the autopilot. These 
at the higher freguency were due to tae roll rate ccnmand 
loor. ‘Variation of the geometry of the missile's flight 
profile hai no significant impact upon missile accuracy 
exce;t that, without a popur maneuver, the roll rate channel 
demonstrate’? a marked decrease in effectiveness. Variation 
oo the autcrilot gain in *he roli cate control locr cairye? 


the ftrecnency at which teqrajdation occurred but actually 


increase? its effects. Skid te turn control laws were teste? 
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rowever tie aissile was unaile to proiuco the necessarr 
erce needed to track a passive target ind produce? 
undjesireatle coupliny in the flight controls. An attenrt to 
use the altituie command channel to flv a ballistic ir 
was unsiccessfil due to instabilities createji in the cortrol 
svstem, It is recommended that a popip maneuver te inciudel 
in the terminal guidance of a BIT cruise missile anid tiat 
further tests be conducted to determine che extent to which 
altopilct modificaticns and gain adfustments can decrease 


the effectiveness of an ECM blinker ajainst a 83TT missile. 
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BACKGROUND 


Fank-To-Turn (877 
missiles which must cruise fr iorjy canges wi 
paere. These missiles utilize a primary iifti 
(Wing) anljl smaller ccntrolling surfaces as onac 
airplane. This method has two priraryv advarntuces. 
winy prevides lift to support the missile's 
h efficiency thereby permitting 


2 


relatively Fi. 


gh 
for a given size engine and fuel load. Second, 


vector can te positicned by banking the missile to previ 

large ilateral accelerations resulting in excellent turn 
performance. Certain BTT cruise missile configurations, 
however, use differential tail for roll control as ogfosed 
to ailerons an? suffer from pcor roll rate and acceleration 
Ferformance. It is the investigation into the control liri- 
tations cf a ETT cruise aissile configured this way in the 


terminal homing phase which is the subject of this thesis. 


BE. STATEMENT OF THE FROBLEM 


In order to provide compact storaje of 4a 
the main wings are usvally foided kEacx and designed to. snan 
into fositior as the missile emerjes from its cannister at 
launch. Because of this feature, it is jenerail 
feasitle to install rell control devices at the extre 
of tne wings. 2011 certrol is normaliy proviied ry 
tial actuation of the tail fins of the nissiie. 
their ghcert moment arm and small area and because 

a relatively large degree of roll 


are Limitel in their ability to rolic 


tions lue to the ,rleSerhc cf electronic counterreasure 
Ps 
(FCM) Bight further degraie the perfornance of a FT 


missile. 


C. MISSION SCENARIO 


The missile simulated in this thesis is a hyrothet 


7 


ical Fank to turn cruise missile with liaitead roll centrot 


authority. its degicn incorporates characteristics tyrical 


of many similar designs. The missile is ecuipped with 


A 


stancard rudder for yaw control and stabilators fer beth 


roli and pitch centrcel. Inner loop ciosures for stabiliza- 
tion andi command are included in the simulation. Conmman? 
loop closures c’nsist of normal acceleration, bark angle, 


ani lateral acceleration. Tie Lateral acceleraticr comagani? 


system can te uséi as a turn coordinator in the tank-to-turn 


mc te (normal) mcie of aS a laterai loal factor (TY) SCormrin 
system ina skid-tceturn nuove. QOnter so90; Closures are 


Frovidei for aitituce and flight path arzjle. The autcpiiot+ 


contrcl locze design is presente? in iztail in [Ref. 1]. 


The target is assumei to te a surface ccmbatant shi 


4 


located initially 24,C0G feet due Norta from the missile ar 
t 


moving Fast at a constant speed of 20 sno 


Pi 


aia point is located roninully 190 feet 
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ECM blinker similiation 
seen Ev tk missile's seeker forwaria 


target aim point bv +75 feet aleng the rios lonjitudinal 


axis at a specified frecuency. The aiz i is simultare- 


cusly snifted vertically +10 feet at the frecuencyv. 


The attack profile used as a baseline for this siau- 
laticn began at 50 feet of altitude at a speed of Mach 2.75. 
The missile tracked toward the tarjet i1Sina frorortional 
navication in azimuth ani altitude hold at 59 feet. At a 
ranje of 1890) feet the missile rolled to 60 jiegrees of bank 
and turned away from the target to the right until the 
target line of sight was offset by 10 degrees. Yhen the 
offset was reached, the missile climbe2 to an altitude of 
approximately 259 feet and then Gove toward the target using 
Proportional navigaticn in both azimuth and elevation. This 
missicn profile is ofter referred to as a porpout attack. 

Variations of this mission included eliminatine the 
10 degree offset turn and/or the climb to altitude ani 
substituting skid-to-turn control laws for some fnase cf the 


mission. A tallistic altitude profile was also attenmptel. 


C. EXISTING WORK 


Tn orter to examine the existence of such protiems ani 
to test several proposed solutions, a six desree of freedom 
sigulaticn of a typical &TT cruise nissile was producel by 
LCDR Fent Watterson and published in [Ref. 1]. This simiia- 


tion was produced using the TEM Continuous Systen “odelling 


Proirau (CS"P IIT) sizulatio:n laniia; X detailed (teserip- 
this lanyuage and its constrictions is creséente? in 

TRef. 27 and (Ref. 27. The simulation aincluleji ivnamics, 
AC profiles. I+ did not rerre- 
s°nt anv srecific sissile but, rather, included characteris- 
"OMI TIPE? in this way. 2m Gpsert 


tics +vpical 9: missiles 


to overceme limitaticns inposed wu jon the Sinulation voregran 


rg 


tv the availakle computer irstallation, this CSME pregjra 
wis Cewritten in extendei FORTRAN H. This allowed greater 


flexitility and full utilization of the DISSPLA grarhi 


| oad 
Q 
On 


programming packaje available at N2?S. A corplete covy of th 


projram listing is presented in Appeniix D. 


The tests conducted with the revised sSimuiation vrogran 
were limited to examining the effects of Ec” blinking and 
Giint upen the missile's control system and accuracy against 
a simuiated medium sized comtatant vessel traveling at 2) 
knots perpendicular tc the missile's track over the earth. 
Alternate attack profiles using modified flight gecmretry 
anc, in some cases, skii-to-turn control Laws were also 
tested. A listing of the different flight profiies examined 
is presented in table Tf. 

For all flight tests of tre missile, certain parameters 
were held constant. A list of these values is presented in 
table ITI. 
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TABLE [I 


Missile Attack Profile Test Configurations 


on 
5 


b 
; | Can eas Wy peruse p tawbor [ . else * 


| 

{ 

{ 

| on a 
| SAS SEINE | x x 0.5 | Be 
| It | | % | 9.5 | BCS 
| PET 0.5 | See 
| IV | | x | OT | ae | 
Vv x | V5 | Sa | 

WT | x 0.5 | * | 

| | { | 


* 9) degree Lank on ballistic terminal trajectcry 


TABLE Ii 
Simulation Variables Held Constant 


Variable Nan Value 
RAK KKK K Se eee Pern tree 
Radar eurn-Throu 2 ange 599 £t 
EC* Slinker Shif 
Longitudinal + 75 Et 
Lateral + 09 ft 
Vertical 4° 1.900 St 
a oa uidance scheme: 
oft 19 Aea 
Popup Altitude 1090 Et 
Pobup Fange 13009 ft 
Roll rate limit 75 dos 
KEK KKK EEK KEK KEKE KERR ERA EAA EERE REE KEE 
L- 
( 
b 
( 
' 
r 
: 17 
t = 
[ 5 
( ® 
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C II. PROGRAY DESCRIPTION 


Tiis sizulation uses the linear, Elx Jegree 
eguaticrs of Flight developed by Fosxam in [R 
and modified by Hewett in [Ref. 4]. The CSM? programa djevel- 
oped ty Fatterson [Ref. 1] used a variable step Zu 


integration method. The FORTRAN translation program uses 2 
ENTRSEAL(VOOT OT) = YOR (OCT) ear (egn Det 


Sin dle Zulerian integration which is given by eguaticn 2.1. 
The incremental tine clement, 27, is fixed at 0.91 seconis 


and the integration period lasts for less than 29 seconis. 


B. PROGRAM NOMENCLATURE 


A detailed description of the nomenclature 
throughout the simuiatior program is presented in Arpend 
C. The variable names usel in the FORTRAN translation 
( with few exceptions, the same as those used in the the 


Simulaticn. 


C. ARIS SYSTEM 


The simulation uses 4a right handel earth reference frame 
where the x-axis points “orth, the v-axis points Tast an? 
the z-axis points 4dcwn. However, altitude ani vertical 
velocity are always jiven as positive upwards (l.e. 
© ALTITOULE = -ZY. For fiottin; the geogravhicil track inp the 


eutput routines, the axes are transformei so thir the 


k,f%,and 2 axes point fast, North and upward, respectively. 


FROGRKAM ARCHITECTIUFE 


£ 


The FCFIFAN simulation program consists 9 
program which calls seven gsajor subreutines which are 


~ 


triefly described as follows. 
1. Executive 


The main caliing program is short ani hnaniles onl: 
three tasks. It increments the TIME variable for each inte- 
gration cycle. Tt calis the output data storage routine, 
FREPAF, at the specified output interval and it contrcels the 
executior of multiple rlights within a sinjle program run 


cranginy one or more key variables betweer the runs. 


This subroutine contains a small section of execu- 
table statements which resets variables to their initial 
value when more than one flight is flown during a pregranr 
Tun. Included with this subroutine is the BLOCK DATA sutrou- 
tine whick must ke used to initialize ali variables in raze? 
common areas. The majority of the BLOCK DATA subprogran is 
taken up with arrays listed in table form which contain the 


aerodynamic coefficiert data for the missile. Static ccef- 


ficients which are functions cf one variatle are shown in 
figures a.2 through 4.9 Static coefficients which are func- 
tions of two parameters are presente? in Figures 2.19 
through a.12 Dynamic coefficients are assumed to be constant 


and are not presented graphically. 


This subroutine dictates the mission profile. It is 
d into sections which activate in sequence as the 


€ 
issicn frojresses. Fach section takes the flight d-namics 


m 
Cata for the missile, compares it with the tarjet 


SS Re SS Pe ee ee Ee gees pe ee Tae Ce TRL eg ee peer maa Wa ae PERS | Pe gw ge Te Ree. ae a a 


ta  (cenerated in subroutine TINA’) ant 
a and sbcrivontel. accetesaei os conta ris Gate 
ic earth reference frame. These in turn are trans- 
djanded bans arncle and nora 


Q a 
the rissile accora@ing to equations 2.2 indi 72. 


§ AL BSS 
- Sains 
PHIC = AFCTAN (AYC/22C) (eam 2.2) 
N7C = AZC cos (PHI) + AYC sin(?PRT™) (ecn 2.2 


m 
i 


of these vectors is given in tigure A.1. different terzin 
attack profiles are implemented asiny variations of this 
sibroutine, MITSSN1 and MISSN2, which are presented in 


ADpetidices = and F. 


This subroutine takes the commande? normal tlcad 
facter ani bank angie and applies them to the missile 
antopilot system. A detailed discription of the desian of 
the missile's autopilct is presented in reference [Ref. 1}. 
Tue output of the ccntrol system is jeliverei in terms of 
convertional airplane elevator, aileron and rud2er control 
—) A 


positions. .ese are agixed to citain the cconmanie 


Fin pcsitions. The control limits »2f £15 2@ejrees are arpiiel 
to the fins and these controls are ther unmixel to oktain 
the Limited conventicnal contrcl positions. The dynamic 5 


i 
So 
the serve actuators that move tie tail surfaces are moiJeéelled 
as a first order real feole. Although CSM°-III proviies 
© 


macros that perform the simulation of nary tyres of trarsfe 


functions within the control system only the first oriter 


@ reai sole transfer function was necessary for this fprojram. 
It is moleliled in tie FOFTEAN translation ISiNJ sSubvouwtane 
REALEIT, gresentel in the »~rogragz i:stinj in Anpenlix 7. 

@ 


woe we we Oe Yee 


: Sykroutine 


retrieve the aerodynamic coelficients fron th 
rresentec in figures A.z through A.12 

are usec to obtain values between given pa 

messaces are printed when the inpit pnaranet € 
the Ecunds of the data in the lookup table ani these are 
sipsressec after about 5 successive integration cycles. AERA 
completes the buildup process, uses these lata to cempute 
the Zerces ani moments on the aircraft and then integrates 
the equations of motion to update all of the aircraft's 


flight parameters and position information. 


The TGTNAV sutroutine navigates the taryet vessel on 
a course of Fast at a steady spee] of 20 knots. It shifts 
the position of the radar target relative to its real rfosi- 
tion according to the =C% and GLIYT paraceters. h 
offset is produced Ly multiplying the GLINT shift in eaci. 
axis Ey a rancom number between -1 and 1. The SLINT offset 
is calculated every cutput interval rather than 100 tines 
per secord. The FCM offset is switched accordinj to the sign 
of a sine wave which runs at the EC™ blinking frequency, 
FEQ. These offsets are then adied to the actual target 
positica tc produce the radar target position. Line of sight 
angles ard rates are calculatei from this information with 
the assumption that the seeker has perfect pointine 
capability. 


“ 


At antervals specifiec by the output counter, this 
subroutine is called and stores up to 29 variables in a 


larje array call PTS. The output interval usel for all tests 
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WeS: Jel ld seca The PLE array is ca@sse] te the odtrat Traati res 
Wen fan Samrat lon. Tan SS Come ee Tes CARS. S aeRO Re S555 
converte outout varieties from raiitan to fejyres format ani, 


These €rser Sincticone ate time -ayvertagel] ciicerencc betvecs 
comuani.? varlabies (2.7. Drache Dub; MRS SS ie, FECSES 
ctial ccunterparts. hese a aater used to Sa he SES 
actial unter part These are iat used + a FSS oS 
performance of the centrol system under various conéciticrs. 
€. Subroutine QUIPIr 
CUTPUT produces 3 forns of output inforcnation. The 


Erifiary dataoutout 21sts the. valae of "los... ttre dietarce 
at whick the missile passei the tardet at it 


s 
appreac:), the value of the error functions at the 


erd of 
the wissicn, and the ranges of all tie variaties stere?t. 
These data are also printed to anotier file followed by the 


full contents of the ETS array in tabular form. This gives a 
numerical history of all the output variables from the star* 
to the finish of the mission. (Normally, to save disk S,ace, 
this file was routed to a dummy variable. It was needed only 
wen detailed data histories cf a portion of the missior 
were require.) 
CuTeCT also calls the secessacv DISSPLA routines *> 
e ciutput variables. The iniependernt varl- 
aLie in six jrapis is TIME. In the seventh yraph the rosi- 
tions of the missile and the target ship are plotte? in 
three jimensional space ‘for each outpit interval. Fach of 
t!e graphs in this sukroutine are controllei by the setting 
of 7 flags in the first column of the data statement at the 


Leginniryg of the routine (0 to pass over and 1 to fFlet). 


ITI. BASELINE ATTACK CONFIGORATICH 


A. <AUTICEILCT ROLL RATE COMMAND LOOP ADJUSTMENT 


Initial testing cf the Simulation was conducter aon the 


3 


CS“P version of the program. The frecuency of the =FC™ 
brlinker was varied from 09.2 Ez to a maximum of 2.0 Hz ani 
tne roll performance of the missile was grapdhe?. Figure 
A.19 shews the commanded roll rate an? actual roll rate 
plottec against time for the duration of a thirty secon 
flight straight toward the target at a constant altituis o 
59 feet. The target's radar position was blinked at a rate 
of 9.4 Hz and rell rate command was limited to 75 decrees 
rer sec. In the figure, the command oscillations increaze 
in magnitude as the target range decreased and, Ster 24 
seconds, the autcpilet commanded the maxinum rate with every 
Shift cf the target's apparent position. while the ccnmarnde 
roll rate remained at 75 degrees per second, the actual reli 
rate never exceeded 25 ceygrees rer second. Figure 3.29 
which plots the fin pesitions as a function of time, shows 
that the fin servos never used more taan 3 degrees (of the 
maximum 15) of travel in either direction. T) reretvy this 
froklem, the missile autopilot roll rate coamand loop air 
(YRCLET in the program) was increased from 9.1 to 9.5. The 
valie of this gain had been set fv watterson [Ref. 1] vein3 
Loot locus tased upen the perturbation ejuations of motion 
[Ref. 4} in steady state level flight. Fiyyrces A&.,21 an! 
4.22 show the results of a subseguent rin with the revise! 
guisance loop. Steady state error in roll rate was signifi- 
cantiy reduced and the Full range of available fliysht 
coptreols (+15 Gey.) was used. This ilifference in the aito- 
pilot was incorporated into tne Daseline rrojrinm an? 


remained throughout all subsecuent tests. 
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EFROR FUNCTIONS 


conmanicd value and tudai value of avariak 


compute: according to eguation 4.1 his time weich 


was Summed over all cf the tine intervals and divid 


hoes 
1 


T * ABS (COMMAND - VAFIABLE) 


total time to produce the error fuaction 


The variatles ‘for which these functions wer 


TABLE III 


Errer Function Variables 
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In the terwinal nase 
used in both the azimuth 
tie commanded azimuth and eievation 


zero to procuce a constant Léearinjy intercept. 


B. ECM EEASING 


ra 
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At lcw frecuency Elinkine rates, tie prise of the 
Elinker at the start cf the mission hadi a very lLarje effect 
on the miss distance. To minimize the listortion of the iata 
due to this eifect, a phase variable aa 
generator to change thre phase ci the blinker at the start >of 
each run. Four runs were cond@icted at each freyuency using 
values 97 0.0, PI/2, EI, (3/2) FI for the phase variable. The 
data for each frequency were averazyed to jet wean values for 


the miss Gistance and each error function. 


C. BASELINE TEST RESULTS 


1. ECM Frequency Ecans 


Four Simulated ‘flights were conayucted at teach 
freguency from 0.9 te 3) Hz. Glint was disabled for the 
course of these tests. The attack profile flown was the 


raseline pofout attack mission. A jraph of the mean value of 
the miss @istance (MISDST) versus frequency is presented in 
figure A.36 The data show that maximiun niss distance occurs 
in the very low freguency range of the the orier of ).? Hz 
a 


rd again to a lesser degree in the vicinit 


bie 


Fijires 2.4) and A.44 are eee ct tue -erton fynetlien aeains 
ajainst frequency for the autopilot command erzors ini the 
trackiny errors respectively. se jata show that the hank 
angie conmar? loop is susceptible to EC“ Fre;uercies cf the 
orjier of 9.2 Hz while the roll rate commari ioor is 
primarily responsible for the errors that occur at the 
higher frequencies in the range of 5 to 19 Hz. YTigure A.34 
aiso demonstrates that the tine averajed trackin, errerc 
follow the same tasic vattern. 

Egares ALS88 Lacon gh Ands. de gonstrat: tare, asreets 


in flight. Tigures aA.4? an? 4.91 sS.wow the Lint ansle ani 


roll rate verforaance of the Easeiin2? aissiie witheat FCN, 


Foth variakles track closely to their cozmanéei va 

the exception of a sfail, stead; state error in the rate 

channel which is most evidert at large commanded rates. 
A 


Figures A.4G and A.50 show the effects of EC¥ at J.4 an 
F2 upon the tank channel. In figure 


A.43 Sighifticant errors 
exist in bark as the system carrot keep up with tte lar 
suijen changes in cormanied Frank causeji Ly the ECM shift of 
the target. The bracket in figure A.49 is drawn Setweer two 
corresponding points to emphasize the large lag pres 
the channel. Roll rate tracks close to its commanded level 
at this frecuency. 

At 6.9 Hz, figures a.52 and aA.52 stow the crycsite 
effect. In figure A.53 the bracket emphasizes the large laj 
that exists in the aircrart roll response to the crarii 


changes in rate conmand. The bank command loop at this 


wb 
| 


frequency has effectively filtered out most of th 


frequency irput. 


The results cf the frequency scan tests showel that 
the kaseline 3TT cruise missile simulated ty the prograr «as 
more susceptible tc ECM frequencies in the vicinity of ¢.2 


and 6.9 =z due to tke excitation of tne tank and reli rat 


fo) 


command loops respectively. if distances greater than 77) ft 
from the center of tre target are considered likely niss2s, 
ther the excitation of the roll rate command loop iid not 
Froguce enough error to cause a likely miss. The test 
results, from the target's point of view, will Fe ohtairei 


with low biinking frequencies in the vicinity of 2.2 87. 


In crder to isolate the effects of glint, the fFaseline 


configuration was flown without ECM or glint an@ ajain with 


glint only. Figure A.33 shows a trace of the rinion clint 


lisplacsient afpriiei te the tarjet*s Dosition as a finction 
of time, Figures 8.23 through aA.23, Which trace the 
fmissilets leai fzacter, ‘ank angle, roid rate and cliont 
contrels without glint, May Fe compare? witr ficures 4.594 
tiurough aA.t7 which stcw the sane traces £27 the misrtion «rt 
glint. 

The miss distance recorded without glint and an icy 


Flase of 0 was 2.7 feet. The distance measured witn alint 
was °.4 feet. Although these distances are ver: snail 
compared with the miss distances achieved with =¢%, the 
dejradation induced by glint was large (154 jercert) 
compared to the best cbtainable value. @ays Or Binisicin 
the effect of random perturbations ia the target position 


due to radar glint will make a significant imsreverent ir 
=] 2 


iy 
e 


the missilte's accuracy in the absence of ECY and shouli 
developed. 

Since the miss distances without ECM and glint were 
very small compared to those obtained with very slow 
blinking freguencies (0.05 to 2.2 Hz), further tests stouvli 
be run concentrating on ECM in the very low freguency ranje. 
These tests shouid obtain a much laryer sample of ECM rhases 
in order te Lest define the skape of the aiss iistance curve 


Pelow “ce Fos 


D. ALTERNATE CONFIGURATION PREQUENCY SCAN RESULTS 


Sirilar frequency scan profiles were flown using the 
AISEN1T (Appendix &) subroutine to generate the quiidtance 
cormandcés for configurations JI7,iII and IV. These attack 
profiles committed the offset turn ani proceeijied strai-jht 
toward the tarcet "sil j Proportional -avijation int azisaitt 
f.TD SEAGE. £6. "Zin eh.. “Cae PUpi Janeiver was cegterce? (4 


15V9G feet from the tarjet. CE Ltanjses From 20,009 to £,092 


ry 
m: 
{ 
a} 
1 
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néeuver was perfcrmed. 
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AP aigorithm was aided 
guidance scheme for the termi 
the missile rolled to piace t~ 
hegative 7-axis vectcrs ont 
guidance system. This ersured 
negative load factor rather th 
upsice down as it reached the 
accelerations commanded by tne 
by banking the missile except 

A complete set of miss 
tratiens: 2, Zlz, ang. IV sgeir 
blinking at 9.2 Hz are prese 
A.75 


nesults 
a. Miss Distances 


Each configuration 
four times per test frequency. 
kiinker frecuencies from 9.05 
cistances recorded are graphi 
oc frejyuency in figures A.3 
obtained were very similar to 
line configuration. There we 
normal errors, one at low frey 
at a higher frejuency rear 6. 
miss Cistances for each of the 

The maximum values 


urations appeared at the 


to the baseline pr 


%) 
nal phase which ensurel 
he nearest of the no 
ne direction conmanie 
that the missile wovlé ce 
an trvyinj to roli the agissi 
apex of its clir 

guidance were stili achiev 
for configuration V. 
phs for config- 


lon profile gray 
st a target with giirt anc =C% 


nted in figures 4.528 through 


was flown against the target 
The tests coverel a range of 
through 30.0 Hz. The wean miss 
cally prysented as a functi 


7 through aA.39 The res 


rs 
~ 

Oo ct Oo 
th 


those oktainej from the fas 
re two areas of higher ‘than 
uency below 9.2 Hz and ancther 
O Hz. Table iY compares the 
configurations. 

that occurred for all config- 


same fre,uencies with one 
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TABLE IV 


Maximun “iss Distances 


| 

| 

| 

| I 
| Voges 7 | ; ' 2 | 
| EASTER S Jove che 27.5 | S224 | 2 ey | 
| | | 6.09 | 22 | 

i 

II | C.05 - 21.0 | < 0.95. || 2 75 | 
| | | 6.0) | 17 | 
| Bi ae 1205, 10 23929 < 9.19 | 2 35 | 
| | 5.50 17 | 
| IV 1 9.10 - 30.9 | € 3.10 | > 75 | 
| | N/A | N/A | 

Dire ree are eee Wis ere es ee Nee eee Ware cent | 

excertior: Changiny the roll crate jain from 7.5 +e 3,4 


eliminated tre maxinum at the hicher frequency. In idiiticns, 
the magnitude of the errors did not dif 

(The baseline shows a smaller magnituie 
not extend below 0.2 Hz-while the other configuraticrs were 
tested lown to 9.1 and 0.95 Hz). Chanying the attack jecz- 
etry cf the missile did rot significantly alter its suscep- 
tidbility toe ECM jamming within the scope of these tests. 
Altering the gain of the roli rate command channel in the 
missile autopilot sijnificantly decreased its suscertibilic 
to ICM clinking at higher frecieneies. Furth 
should be conducted to determine the extent to 
pilot modifications and yain adjustments can iecrease the 
effectiveness of an ECM blinker against a bank to turn 


missile. 
L. autopilot Errors 


Ticures A.41 through a.43 graphically present 
the errcr functions for “oth the bank angle ard relil rate 
command loops withir the autopilot. TLese Furctirone are 


representative of the akility of the missile to follow the 
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connanis given it kv the autopilet (th 


e 
the poorer the performance). AS with the bassline Sonfisira- 
tion these figures cCemornstrate that the cLanx angie icoT 


contributed most to the errors at low fresuency and the roll 


Tver enae areata aovaioe Fv aes 


TABLE ¥ 
Autopilot Errors 


ade tf MM © 


| CNFIGURATION | FREQ .| 4YaG FREC .] 4aGHI-} 

| (HZ) | TUD (H2J [spe | 

| 3ASTLING | me | 0.22 | 7.0 0.19 | 

| | | | | | 

ring OG “fi Oe i SO ea “See | 

| | | 

TET | 9.5 | 0.18 8.0 | (629 | 

| | | | wa 

pe O66 Wied . 250 9.37 | 

| | | | | 
Poor tata’ 8.) rit 1 Whe ch cance a ae ee Ste ANS Meee NN Nt Se { 


is a Summary of these graphs, 
Magnitude of the bank error function andi the 
Srej;uency at which it occurred were not significantly 


altered in any one of the tested configurations. Changing 


the geometry of the attack had no effect on the frequency at 
which EC4 was most effective ajainst the roll rate control 
system, however the ragnitude of the errors were increasel 
by approximately 50 percent wher the popup maneuver was 
@ eliminated (configuration IIT). 

Decreasing the roil rate autopilot jain fror 2.5 
to 0.17 (configuration IV) moved the resonant freguency for 


the roll rate command system t9 a1 lower ‘frecuercy  kLut 


am 
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tie magnitude 
his effect 
4.36 


Tracking System Errors 


Errors in the tracking loops are charted 
t 


figures A.4Y& through A.47. These errors focliow the en 
of the autopilot and miss distance errors. At the low 
reduencies, azimuth nerformance wis dominant while 


the elevation tracxing loor experience? 


The MISSN1 sutroutine was further modified to alloy 
the lateral load factor comman2 variable, NYC, 
according to guidance commands rather than beirg kert 
zero for turn coordination purposes. The conmanie?i 
angle was set to zero in the terminal phase ir crier 
exanine the effectiveness of lateral + command. No cha: 
to the Easic @yveamics of the autopilot were raise. 
missile was ‘flown in this confijuration against a passive 
target. Figures A.74 through A.81 present the full @ata set 
from this test. The missile splashec into the water 99 feet 

ani shert of the tarcset. Cnce the missile cane within 5$ 

seconds ci impact, cress coupling hetween the rudder channel 
ard normal ioad factor, roll rate and bank can be seen ir 
the Figures. Althouyh the rudder commanis were never satu- 

neLther could the Tatecad toad Sacton” <rnttat 
create enough sidceforce to follow the ship's lateral 


to the right. The addition of ECM and/or glint would have 


EE eS 
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enly worsened the performance of tae missile in tris cortig- 
uraticn. “o further tests of this configuration were 
conducted. The use of skid-to=tarn control laws ccorl? not 
produce sufficient sideforce to aieguately Follow a Fassive 
crossiry target ani produces excessive coupling inte th 


Zongitujiinal and laterai fliyht controls of the nissile. 


UW. Eallistic Trajectory 


Fec..ase the wajority of the aprarent tarce* shift 
with ECM }iinkina occurs in the horizontal plane, an attempt 
was made to place the missile ona ballistic trajectory an 
ther roll the aircraft to 90 degrees anyle of bank until 
imoact using the primary load factor to follow th 
taryet and lateral load ‘factor to aaintain the ta 


trajectory. In order to fly the ballistic traject 


oO 
ry 
. 

ct 


aititude hold system was driven by a comnanced altitude 
slaved to a pararolic trajectory jerived from the missile's 
vertical speel and range to the target according to equation 


ALT = HMDCT*RANGE/VE + (G/2)*(RANIGE/VI)2 + 19 (egn 4.2) 


4.2, where H™DCT,VEH and VT are the vertical, horizontal 
and tctal speeds of the missile. The controlling subroutine 
used for this mission was MISSN2 and is opreserted in 
Appendix F. 

Figures A.82 through 4.85 show that tae adiiticon of 
the dynamics of the altitude command loop nade the missilets 
con+rol systen unstable. Cscillations to the linits 
cccurrei in nornai load factor andi in roll rate. 
Considerable cross coupling occurred between the lateral- 
Girectional ani longitudinal dynaaics of the missile. The 
attempt to flv a ballistic trajectory sins the existing 
aititude control systea was unsuccessful. in order to fly 
the attemptel profiie, «a majer relesiyn of the missilets 


aitopilct would be necessiry. 


Ve. CONCLISIONS 
The conclusions 21i > Ow > derive? ¢£ 
cf the result: of sian: Hee: cond acre 
Lacehipe portows attack ([roOFI Le  contiyuratLor, 
tions of the baseline attack, a skii-to-turn contrel 


uraticn and a ballistic aititude trajectory. 


A. EPASZLINE CONFIGURATION TESTS 


zcw Sreguency blinking rates, 
had a very large effect on the ai 
rest ottainatle performance for 
ECM or glint was a niss Gistance of 
atdition of GLiNT preduced a miss Gistance of 
degradation of 154 percent. 
The kank angle ccemani loop of the missile autcpilot in 


he Laseline configuration was especialiy susceptibie te ic 


freuuencies of the crtder of 3.2? Hz while the roll rate 


commanj] loop waS primarily affected at the higner frecuen- 
cies in the range of 5 to 10 Hz. The time averaged 

errors aiso followed the same EFasisc 

Li distances greater thar 26 ft 

tarjet are considered likely aisses, i the excitaticn of 
the rell rate command loop did not prod enough errer to 
cause a likely miss. The best resuits, from the target's 
point cf view, will te obtained witn low blinking frequer- 


cies in the vicinity cf 9.2 Hz. 


ALTEFNATE ATTACK FROPILE CCNFIGUPATIONS 


tre averjaje a41Sss ..Stunc2 


geometry of the misii.jze Sit 


Aatering the gain of the roll rate c 
the Laseline missile autopilot sijgnifticai 
susceptibility to FC“ blinking at higher £ 

Chancing the geoszetry of the attack ra 
magrituile of the barx error [Function ani 


wrich its maxinum occurred. 

Chanjing the roll rate gain fron 9) 
noticeable affect on the magnitude of the 
tion and the Frejuency at which its naxinu 

Changing the geonetry of the attack ha 
fretuency at which ECM was most effective 
rate centrol system, however the magnit 
were increased by approximately 50 perce 
maneuver was eliminated (configuration IIT 

Decreasing the rcll rate autopilot ga 
(confignration IV) moved the resonant frej 
Tate ccaman?d system tea lower frequency 
Tajiituzie of the errors by more than 1 
effect was reflectel in the miss distance 
pearance of the distinct maximum at 6 HZ 
the lewer maximum. Aitering the autopilot 
at toving th2 resonant frequency to a dai 
courlé not eliminate its effect and, in 


it. 


ZIrrors in the azimuth and elevatio 
ciosely fcllowel the trends of the a1 


Gistanhce errors. At the lower frequencies 
a 
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data Evy the disas- 
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gain was effective 
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this case enlarge: 


mr tracking loops 
torilot ani mise 


, aclmuth rperfora- 


as Voninant while at higher freyuencies the elevation 


eXiny loop experience? the largest degradation. 


C. SKID TO TURN CONTROL 


and lst etal’ 2215 5t “Certroks: of the missile. 


D. BALLISTIC ATTACK FROFILE 


The attempt to flv a tallistic trajectory 


existing altitude control system was unsuccessful. 


to fly the attempted? profile, a major redesign c 


missile's autopilot wcuid be necessary. 


kKig=te=turn ccntrol laws. coul? not rr 


s 
sufficient siteforce to alecuately follow a passive cross 
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VI. RECOMMENDATIONS 


Ways of minimizing the ertect of ranlonm perturbations in 


he tarjet position due to radar jlint wil 


be 
i 
fu 
oe 
om 


cant improvement in the nissile's accuracy in the 


ECM and should be developed. 


Further testing ghouli te conducted to jietermine the 
extent to which autopilot modifications and jain adfustzerte 
can Secrease the effectiveness of an =2C4 blinker ajainst i 


Lank to turn missile. 

Since tte elimination of a fopud increasel roil rate 
errors Ly 59 percent, a popup profile is recommendei fer the 
terminal phase of a B8TT cruise missile. Further testin: 
shouid te conducted to deteraine the effects of different 
ropup profiles on the susceptibility of the roll cate 
command system to ECM blirking. 

Since the miss distances without FCA ani clint were 
very smali compared to. those with ver 
frecuencies (9.05 to 0.2 Hz), further tests should Fe cin 
concenhtrutirg on ECM in the very Low fre jue 
tests siculd obtain a much larger saaple of ET“ phases in 
cerjer to test define the shape of the miss distance curve 


Lelow 0.2 ¥z. 


PIGURES 


Pigure 4.1 Load Pactor Commands. 


t 
HAL 
i] 
plows 
Ran ; vv 


Hit || 2 
) ati 


WW 


80 


$0 


ro 


1 ’ t 
20 00 @Q- 


Be al |S 


*0- 


7.5 


9.0 2.8 5.0 


-2.5 


-§.0 


-10.9 


-12.5 


Figure A.2 


or 
4 


Y 
u 


Data Array 


en caent 


a 


thy 


: 1 
001'0 920'°0 


nO 


“AL 


nih 
0300 


-9z0°0 
(WOMVATIA) TO VLISG 


‘a 


A 
“H. 


000°0 


-7.8 


2.5 5.0 7.5 10.0 12.5 15.0 


0.0 


72.5 


-§.0 
SYMMETRIS STABILAT 


-10.0 


-18.0 -12.5 


= 
“- 


Data Array LrT2. 


Figure A.3 


49 


ee 
Wl‘ 2 


oy ra 


a 


oy 


fh ee 
Hi 
tn te 


i q 1 1 
0300 920°0 90400 93900 090°0 


1 1 t t t t * 
$90°0 0900 sSv00 OF00 st00 ofs00 $2000z200 


Sv uly 


Hh. 


‘ 


9.25 0.50 0.75 


9.00 


-0.75 -0.50 


-1.90 


« 


Data Array DRG1. 


Figure A.4 


44 


Pe 
“8.0 


12.5 


a 


10.9 


8 


5.0 


n 


2.5 


TA SIRAT! 


0.9 
R 
Data Array D®G2. 


zB 
~ 


Ga 
~< 
-2.5 
BTRIS 


it 
4 


adit: “tea 


rt 


-5.0 


Mi 


13] 


oe ee 


-7.8 


‘ai 


Figure A.5 


3 
-10.9 


-12.5 


ee SE, Pe ee ee oe me eae 
\ 
\ 
\ 
\ 


tt 


t ' ' f 1 a4 1 t } I: t ' 1 ' 1 - + 
910°0 ¥10'O 610°0 210°0 410°0 0100 800°0 8000 200'0 900°0 900'0 #00 0 800°0 200°0 100 G00'0 
(HIYA 13} Gs VEISIG 


-18.0 


he 


2100 


0 a 


t 7 T 1 T 7 ! af 
110°0 o10°0 )§=©6800'0 «699000 400°0 9000 $000 00°90 
(NOUS IY) Of? VLG 


th 


ft 


a) 


ize 


sf 


; 
£00°0 z00°0 +000 0000 


+ 


2.5 5.0 7.8 19.0 <2.§ 18.9 


0.0 


-2.5 


-5.9 


-7.5 


Data Array DRG3. 


Pigure A.6 


ow 


2a 


Qe = a 
tS F = Pees =" i 
— oe = — —— : 
; : 
% ° | 
Zo : f a Sea reees 
2 o- 7s 
* - 
° 
oO i 
@ - - i 
°o 
o- ‘ 
a 


26.0 
4 


DEITA GD (RUDDER) 
j 0 R . 30.0 36.6 
- zi 7 t : 1 
£t 
a 
th 
tH 


ky 
ti 


r) 
au 


BL 
a ‘ . 
= “Sh a3 ! 
as 


“18.0 -12.6 -10.0 -7.6 -8.0 -25 00 25 50 78 10.0 ‘25 48.0 
RUDDER CSFLETTION (Sea) 


Figure A.? Dara Array DFG&, 


Sy Oaks Re che en. NS ‘ : : ; ; 


MBAS 


4 
ped 


tt 


0.2 
1 
r 


vi 


-0.8 
4 


eo 
o— : zs eae =e 
“10.0 -7.8 -6.0 -2.5 0.0 
ANGLE DPF ATTE 


7.5 10.9 $2.5 


Figure A.8 Data Array PTCH1. 


DEMS GM (PMEVATOR) 


1.0 


0.4 


Ww 


rer 


" 
4 
4 
4 
4 
Li 


if 


re 


-0.8 


“30.0 -7.5 -§.0 -2.5 0.9 2.5 5.0 7.5 10.0 12.5 18.9 


SYMMETRI S STA RMLATIR (DER) 


Figure A.9 Data Array PTCH2. 


46 


aw, H 1 
o91'0 «9210 «=600LO «6920 


a a 


CH CY cay oy 
ta fag 
HOB 6 
QIANG 
Oh On as eg 
eee 
wy) 
glut 
WY «ff <f f 
AQAA 
a, a el oC 
Hunn 
() a a4 


N 


1 ; 1 ia 


iu ees t aoa i. 7 r - oF 
O 080°0 3Z0°0 000°0 $20°0- 090°0- 920°0- 001°0- 924°0- 094°0-921'0- 


S¥YGAD 


74.5 


6.0 


3.9 


4.0 


2.9 


9.0 


nae 
o 


Data Array SID1. 


Figure A.19 


u7 


p46) wa 
| os : 
ihe of 1 
9 ov oe 
be 


oz 


or 


4 1 
0 Or- 


S¥ayo 


T 


oz- 


_ & Pk ED Q 


Maemo 
ps 


ltotroepoe 


8.0 


8.0 


4.0 


2.9 


0.0 


72.0 


-4.9 


Data Array SID2. 


Pigure A.11 


43 


3.0 


ro) 
yg 4 o 
Q 
4 « ina 
Be 
| , 
es pal 
. ° 
ae | he & tog 
a | oO 
i es ¥ 
aa te wr. 4 “ 
a | 
vy! 
i , os AOL avy cy one 
ined . See : H 
yee aos {Patrik : 
Sine ere Lorem 
on ek 
i Gey nig | j 
vn | , | | ' 
13 ay Ho F | = 
i hm oe Ih alone a] 
( mM . Naa de dd | a 
} ‘ a al el ee | ! 
\ 
ih i 7 | Hue wn | 
fy i ' Te aes | é 
: ! d 
vi te uae xfs ¥ 
wie 
oa 
se \ a 
raf) @ o 
| 
2 
i A : t t : F 5 ReoBy yg ' id 
vo0 $00 z0°0 100 000 10°0- zo'0- 80 °0- v0'0- 90°0- 


y SID3. 


Data Arrav 


ray 
< 


Figure A.1 


2 
: ldab wy ” 
4 
1 —_ Sed 
\! ; 
7 \ ° 
TRA oO 
ee x 8 
Pes s 
Bee p OE ‘s es - 
\ \ 
(ind) \ Koen 1S) 
el \) ny SS) 
u ; ‘\ : inn a 
WN, ; or a 
i, ALA + 1 
{UNI i ~ 
it se “yy 0 
" ad 
rial t a; ua 
wou ss 2 } “ < lu 
<= , “x, 
ae ee UZORUEY) 7 
i! . rh Git BU) WD at) C6] 
} ars ne ia ties ot ° 
uw . a ao 
ee nN ag 1h ps se 
(3 . 9 Yat ejpma H 
ve Se ren * in 
ea Wee : Hund Yui 
Wok a 2 q eee ran 
. Meet , ‘ Sk 8 SG ce) 
Th ren oOo o fi, - 
fi ty ane + a0 eC we in . 
‘ : vuun rat “s 
» t}otr ep 4 a> | 71) 
| wa 
1 @ bi 
: a 
mn 
° od 
° fe 
; 
ios son i a 
fo a 
1» 
= : Le 
' ' ' I ' 1 : Bootes fo 
0010 940°0 0s0'0 3200 000°0 $20 :0- o9a'0- 940'0- QOOLO- gzt'a- | 
BVEAD Vid : 
: 
i 
. 


ica 


Data Array D 


| 
i ; Mia fy 
‘ ; ae | eo PE - 
two 4 : wy 5 
* } s ui <[— 
pot fy 
4 -) ro) 
, Ltd ’ 
n u 
: a] 
oa) 
" Y a) ord 
is 
) oft S fe 
/ 
, : 
| 
“ 
I tern 4, 1 ! ’ 1 ' 1 } bt 
r #0°0 90°0 ¥0'0 z0'0 000 z0°0- 70'0- 90°0- e0°0- 


Noy WEI 


gitte 


o9 


1 1 1 t + 
ov oe Lad ot 00 
Wes VAIS 


chore 
“GENOA 
ie qd og wie 


t : + 
ary ty 
, 
‘ \ 
ON 
\ \ 
ie 
0'8- OW- 


-10.9 


2.5 $.9 7.8 


2.90 


72.5 


-5.0 


-7.5 


Data Array DH2C3. 


A. 15 


igure 


F 


Cy 
ui 


eS ae, ee ee ee 


EE 


ui 


"A 4 + 


phe rat + 


j 


Lvs A if 1 #4 : 1 1 
0z0'0 9100 OOO 9000 0000 900'0- O10°0- 


Seas 


' ' i j i . 
$10°O- 020 '0- 920'0- OE0'0- GEO 0- O70 O9%0'0- 


Lis ul 


2.5 


2.9 


-7.5 


-18.3 


i 


“12.5 


-15.9 


LTE L1. 


« 


AcraY 


Data 


Figure A. 16 


1 t 1 a 
, 9210°0 0910°0 9210 0 0010'0 $200 0050009200000 


00'09200'08900'032 
NO WLisd 


\ 


00°00010'0 9210 00910: 


VE AY e83 €89 
$n 01 ga wn WD 
one 


wenn 
I) a 6f al eC AE 
ere OLere) 
ti ay eae 
pang 


1 Mace 1 


;) 


t 
40°0- 


18.0 


12.5 


10.0 -7.8 -5.0 -2.5 9.0 2.5 5.0 


~12.5 


-1§.0 


Data Array LTFL2. 


Figure A.17 


eee 


vo0'0 6000 


ORME GEOL) 
ec UV 
FA Ga GO 


: GNMAA 
Ae or i POT go) 
huw ww 
/ oi a a 
nae ‘erOLe rere) 
/ if: Ll ee <a 
fala Te 
Oo oY 


é 


t a 


J 1 


! T 1 : + 
Z200°0 400°0 000°0 100°0- 200°0- €00'0- ¥00'0- 900°0- 960°0- 200°0- 800'0- 600 '0010'0- 
Yor VAIO 


1 J 1 T 1 


5.0 


2.5 


0.6 


°o 
o 
1 


Data Array LTPL3. 


Figure A. 18 


é 
a 
= ‘ 5 


= : iz 
= —_—— «4 : 
ai ms Ce 
b i aed = 
su 2 
ad es 
he rae, 
x ee 
_= 
€C im == 
. we 
. SS a 
: aes z 
-- Pad ee ‘ 
= Stee i 
6 ae : 
ee == ® 2 
f ; = ‘s 
Sar Say hte t/ 
aS a ; 
ae : A 
persia s 
-_—— g 
Rod va eas t 
ee 1 - 
ad . ra = 
a OS —— ~ 
<q 25580 vary woos Stic sc aan eee a'.a Parr LS. os 4 
-S 3 | 
Piast) iste ar Wie fore. Ss, ae a6 oo Se sod 
we Gnd 


Figure A.19 CSMF Data (Roll Rate) - KEDLLR = 0.1. : 


56 


= ~ ~.+a~ uray ie ow eaten ea ea a a a Oe ae we Oe iS? fest « * 
il iad, Weld Sa TET Ts : : 3 
. 
Be: 
2 = 
2 _« 


= - ae 
eal = ‘ 
a & 
‘ z += 
o 4 
a _ c 
to to = 
sates a z 
ai = oz 
Fe c= 


= ' 

Yee 2 ‘ 

= ‘ = 

= a i 
Te f 

= t . 


CoN UL 


erg $2 3: 3 “ws « wae So085 ar) 
Clas 
oocs ae woe see woe « Cea Bek vee 


Figure A. 20 CSSP Data (Controls) - KROLLF = 0.1. ® 


Figure A.21 CSP Data (Roll Rate) - KROLLP = 0.5. 
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